The European Organisation for Nuclear Research, CERN, is in the process of designing and testing parts for the next generation of linear accelerators. In order to operate the experiments, the pre-alignment precision of the components of the two opposing accelerating complexes has placed increased demands on part tolerances, which are now approaching the micrometre. In order to meet these demanding requirements, improvements are necessary to the build processes, machining parameters and post-manufacture characterisation stages. One of the most promising methods for the production of these parts is Laser Powder Bed Fusion, and as such, this paper focuses on the manufacture of the lightweight air bearing rotor component and the micro-scale tolerance machining required by this part. The results demonstrate that despite being able to initially machine the part to a form tolerance approaching 2 μm, subsequent notch cutting and the release of residual stresses from the part obtained by Laser Powder Bed Fusion induces an 18 μm part misalignment which is larger than the tolerance limits of 5 μm required for operation. This demonstrates that further minimisation and understanding of the residual stresses induced during machining are required to facilitate the effective manufacture of high precision components of this type.
Introduction
Additive manufacturing [1] is used in many fields: for instance, it allows fast prototyping and art designers to express their ideas in three dimensions and it improves the characteristics of some technical parts. Nonetheless, high precision mechanics applications using additive manufacturing are less common. As a matter of facts, the distortions introduced during the part's additive manufacture and the difficulties encountered during machining, including stresses management, repel precision engineers. These are subjects discussed in this manuscript, which focuses on the example of a rotor produced by Laser Powder Bed Fusion, known as Selective Laser Melting (SLM).
The European Organisation for Nuclear Research (CERN) designs and develops the next generation of research facilities. Among them is the Compact LInear Collider (CLIC): a 48 km long linear collider capable of accelerating two beams of electrons or positrons in two opposing directions with a focal ellipse size of 1 nm × 40 nm. A major challenge within this project is the pre-alignment of the thousands of accelerator components in order to ensure that the beam passes through the collider unimpeded on start-up. For example, quadrupole magnets have an alignment budget of error of 14 μm which needs to be maintained over a distance of 200 m along the length of the accelerator [2] .
The state-of-the-art alignment techniques are only able to meet tolerances greater than 20 μm. For this reason, a consortium of researchers: CERN personnel, European academies and leading industrial partners has been assembled to work together in the PACMAN (Particle Accelerator Component's Metrology and Alignment to the Nanometre scale) project [3] . One goal of this taskforce is to carefully materialise the functional axis of the CLIC accelerator elements and determine its position with respect to external references called fiducials [4] . The first step is performed without the presence of the beam. It involves identifying the beam axis within the magnet using a conductive stretched wire [5, 6] which then provides a physical representation of the beam axis. The wire location can finally be measured using a Coordinate Measurement Machine (CMM) in order to determine the relative beam position with sub-micron accuracy.
A review of the characteristics of suitable wires for this application recently concluded that the largest source of uncertainty in the measurement approach is associated with wire form errors. Further, it concluded that existing metrology technologies are unable to measure the roundness of a wire to the precision required for the CLIC project. For this reason, a new measurement device, known as the Shape Evaluating Sensor: High Accuracy and Touchless (SESHAT), is under development. The stretched wire position forms a reference for machine alignment, and therefore the wire cannot be touched during measurement. This results in one of the most unusual features of the SESHAT: an open notch required on one side so that the stretched wire can be passed through the air bearing stator and rotor in order to reach the measurement area. It appears in Fig. 1 .
In order to enable the effective movement around the wire, the bearings between the stator and rotor are required to be stiff and to function effectively despite the hole in the rotor's bearing surface. For this reason, flat, radial convex and concave NewWay porous air pads, have been selected. These pads operate by expelling compressed air from the entire bearing surface. The high stiffness and low random error motion of this type of bearing are dependent on the quality and alignment of the bearing surfaces. As a result, the tolerances on the cylindricity and flatness of the rotor bearing surfaces are required to be 2 μm. Additionally, the cylindrical nature of the rotor requires that some air pads are perpendicular to each other, and therefore a tolerance of 2 μm is also applied on the perpendicularity of the rotor bearing surfaces, as depicted in Fig. 2 .
Another critical point is material selection when producing a device capable of performing measurements with microscale uncertainties while fitting with the requirements of the PACMAN project. The following requirements were considered during the material selection process for the SESHAT's rotor:
• A final form error of < 2 μm The piezo motor leading the rotor requires the hardness of alumina ceramic. For this reason, a ring will be bounded to the rotor whose material should have a thermal expansion coefficient close to the one of alumina in order to prevent bi-material deformations during temperature fluctuations. The air bearing is composed of 12 air pads opposite each other and applying about 200 N of force for a couple of the larger ones and 50 N for the smaller ones. The rotor deformation under the pressure applied when the air is switched on should remain at a micrometric level, which requires high stiffness.
Ti-6Al-4 V is a stiff alloy compatible with the different requirements but the weight limit for a plain rotor, despite its relatively low density of 4.42 kg/dm 3 . Nevertheless, it is suited for additive manufacturing and shows interesting properties after Selective Laser Melting (SLM) [7] [8] [9] [10] [11] . Bordin et al. have recently demonstrated that Ti-6Al-4 V can be Fig. 1. a) Schematic of the SESHAT design concept b) Technical drawing extract of an alumina version of SESHAT's rotor (in purple) with its rotational axis -aligned with the wire during the measurement (in dashed black), the arrangement of the sensor attached to the rotor (in pink), the arrangement of 4 air pads (in yellow) and the actual orientation of the piezo motor (in green). turned to reach the roughness required for the SESHAT rotor [12] . Taking this into account and in order to meet the 1.2 kg weight limit for the sensor system (0.5 kg for the rotor), the decision was made to manufacture it by SLM. A concern with this technique, affecting its suitability for this application, was the lack of accurate prediction of the residual stress in Ti-6Al-4 V (affecting the move during notch cutting). According to Yadroitsev and Yadroitsava's paper, which gathers results from different studies, they observed that the stress is higher along the direction of the laser path than in the perpendicular direction and that it increases with the number of layers, but the amount of stress is varying much with the thickness, which makes it barely possible to predict [13] . Nevertheless, these results were confirmed and balanced by the observations reported later by Mishurova et al. who added that the stress releasing treatment relieves the residual stresses created by SLM [14] . According to this statement, the rotor stresses should be mainly due to the long-known residual stresses due to the machining process, particularly as they affect thin parts more [15] . Additionally, unlike regarding roughness after SLM and manufacturing [16, 17] , there was insufficient information in the literature concerning achievements on shape quality. Consequently best suited manufacturing techniques on thin samples obtained by SLM are not well documented either, although information can be found concerning turning a 12.5 mm thick hollow cylinder [18] , thinner parts were not studied. These observations led to the tests on 1.5 mm and 2 mm thick walls presented in the following chapters.
This article presents the development and optimisation of a test rotor obtained by Selective Laser Melting (SLM) aiming to meet the tolerances required for the SESHAT. The potential of precision machining as well as the impact of stress relief and associated deformation were investigated and are presented.
Acronyms used in this document: 
Design of the rotor for selective laser melting (SLM)
After the motivations for the choice of Ti-6Al-4 V were detailed in the introduction, the different steps toward the finished rotor are detailed in this section:
• Design for SLM of the rotor • Heat treatment • Grinding vs Turning • Notch cutting
Design adapted to selective laser melting (SLM)
A technical drawing for a metallic rotor was produced based on the design requirements of the SESHAT, as depicted in Fig. 2 . In order to facilitate effective SLM, an external wall was left open to enable powder removal after manufacture. During manufacture, the complete form (without the presence of the holes or the notch) was produced. An additional thickness was added to the walls in order to facilitate later machining, threading and cutting. For components showing no bulk distortion, 0.5 mm additional thickness is known to be sufficient to enable effective material removal through traditional machining. During SLM, when the laser beam melts a large amount of matter in a single layer, there is a significant amount of heat dissipation in neighbouring regions which induces residual stresses or distortions, as discussed in the introduction. To minimise the effect of these, the rotors were manufactured at a build angle of 6°between the support and the part, and the orientation of the notch was set perpendicular to the laser path, which was as symmetric as possible with respect to the notch plane. This small built angle required the production of supports within the sample as shown in Fig. 3. 
Additive manufacturing
The rotors were manufactured with a SLM 280 H L form SLM Solutions. This system features a 400 W ytterbium continuous wave fibre laser operating at a wavelength of 1070 nm and a 3 axis scanning system. The build envelope is 280 × 280 × 365 mm 3 reduced by the build plate thickness. The layer thickness was 50 μm and the platform temperature was 200°C. The laser beam diameter has been measured at 77 u m at beam waist location in accordance with EN ISO 11146-2. The process chamber was inerted with an argon flow at a speed of 6.2 m/s (measured in the piping leading to the vacuum pump) and an overpressure of 12 mbar. The argon has a purity grade of 4.6 (99.996 %). The process parameters were set at a volumetric energy density of 60.3 J/mm 3 with a laser beam power of 275 W and a scan speed of 760 mm/s. These parameters were qualified for the manufacturing of Helium leak tight parts with densities above 99.95 %.
Heat treatment
The rotors were heat-treated at 650°C for 2 h in a vacuum furnace with a subsequent cooling under vacuum to 100°C. Below this temperature, the parts were air cooled. Heat treatment was performed before removing the supports to the titanium base plate on which the samples were manufactured, as shown in Fig. 4. 
Grinding and turning of the part
Two types of machining were compared: turning and grinding. The motivation for this choice is that these traditional techniques are known to achieve excellent results on parts featuring an axis of symmetry, while no report was found in the literature on what was the best-suited technique to be applied on SLM part, and, more generally, parts created by additive manufacturing and aiming to reach micrometric tolerances on the form. The machining was performed by initially generating a reference surface, then holding the part in place, and it was based on water coolant.
The trials were made on a Studer S20 from 1991. The outer cylinder was machined with a soft grinding wheel with a size of Ø 350 × 25 × 127 mm (diameter × thickness × central bore) and thin alumina grains arranged in an open structure (57 A 80 J 7 V300 W). Another soft grinding wheel with the same size and thinner silicon carbide grains with a medium structure (15C 120 H 5 V035 W) was then used, reaching the final performances. Concerning the inner cylinder, the tests were performed with two grinding wheels with diameters of 60 mm and 80 mm and with thin and thinner silicon carbide grains arranged in a medium and very open structure respectively (Ø 60 mm, 57C 80 L 5 V53; Ø 80 mm 57C 100 G 13 V53). The lowest speed of 1600 rpm was chosen for the wheels and 80 rpm for the work head.
For turning, the full rotor was held in a NAKAMURA-TOME SC-250 lathe from 2012, equipped with a cutting insert for titanium. As little force as possible was applied by the chuck to hold the rotor. The external cylinder, the face and the internal cylinder were all turned without unmounting the part.
Electron discharge machining of the notch
Electron Discharge Machining (EDM) was used to notch the rotor. A 0.25 mm diameter wire was used to cut the part at a speed of 33 μm/s. Cooling was performed using deionised water.
Results

Selective laser melting (SLM)
Rotor version 1
The first version of the rotor is shown in Fig. 3 . Despite being designed oversized, after manufacture, sample version 1 was found to be elliptical such that its semi-minor axis, aligned with the built direction and perpendicular to the laser path, was 1.2 mm smaller than the nominal rotor dimension. For this reason, it was decided that the sample version 1 would be used to optimise the machining parameters: Fig. 4 . Rotor version 2 (1) was printed simultaneously with a spare part (2) in order to save handling time. to identify the most suitable grinding medium and machining technique for this application.
Rotor version 2
For the second version of the rotor, the oversizing of the external walls was extended to 2 mm. This increased the amount of deposited material thus the residual stresses and manufacture time for the part, however, was performed in order to reduce the likelihood of unsuccessful machining. After manufacture, some cracking were observed in the support structure of this sample, nevertheless, this was found to have a minimal impact on the global orientation of the sample and the relative build direction. The result appears in Fig. 4 . The second version of the rotor was found to show similar magnitude elliptical distortions with the same orientation as sample version 1 (of up to 1.1 mm). The range of the results appear in Fig. 5 . Additionally, we can observe that the distortions resulting from the manufacturing do not appear regular nor proportional to the built thickness. Nonetheless, the increased oversizing of this version of the part was such that there was sufficient material within the deposited rotor to allow the sample to be machined to its nominal dimensions.
Other considerations
This study is not focused on the thorough evaluation of the quality of the part obtained by SLM. Indeed, previous tests performed with the same SLM 280 H l showed that the density of the resulting titanium was 99.97 % and confirmed that the residual stresses were removed after heat treatment, so we considered these characteristics for granted.
The measurements with the results after SLM, reported in Fig. 5 , were performed with a calliper. The form deviations after grinding, turning and notch cutting, reported in Table 1 , were measured with a Leitz Infinity CMM with a MPE E = 0.3 μm + L/1000 μm (with the length L in millimetres). The visual measurements results shown in Fig. 8 were obtained with an O-Inspect with a MPE E = 1.9 μm + L/ 300 μm (with the length L in millimetres).
Grinding and turning of the part
The thin workpiece was not cooling down in the same way as a plain titanium part would: the heat, which could not diffuse in the depth of the material, was affecting the grinding by melting and burning the titanium alloy at the surface. Additionally, the excess thickness of the SLM rotor walls was not consistent and resulted in changes in behaviour as a function of the angular position. A deposition of titanium on the grinding wheel was affecting the work. The coolant was injected either on the outer part or in the rotor opening to enable the grinding, as can be observed in Fig. 6 , nevertheless, the wheel had to be often reground.
The soft grinding wheel with thinner silicon carbide grains used afterwards reduced the deposition without eliminating it, bringing the better results reported in Table 1 .
The results on the cylindricity, perpendicularity and planarity obtained on the external surfaces after grinding were approaching the very demanding 2 μm tolerances (see Table 1 ). Nevertheless, by design of the machine, the spinning speed of the wheel has a lower limit. This limit was reached while machining the inner cylinder. As a result, the titanium part was heating up such that not only the surface was burning, but also the whole workpiece was getting distorted. Consequently, the tolerances could never be approached on the whole part and the idea of grinding the rotor was dropped.
After turning, the accuracy reached on the test part was not as excellent due to a conicity affecting the flatness at the micrometric level, but stayed within reasonable values, and all the faces could be done, as reported in Table 1 . On the second part, the flatness meets the 2 μm tolerance. The first part was lighter than expected, probably due to the sub-millimetre thin walls in some places. The results obtained on the final rotor were better than on the test version, as written in Table 1 , but the part was heavier.
Notch cutting
After the manufacture of the version 2 rotor, the test rotor version 1 was opened in order to observe the amplitude of the deformations dues to the residual stresses probably introduced during machining. The notch appears in Fig. 7 . Despite the symmetry introduced in the design, the notch perpendicular to the laser path and the stress releasing heat treatment which must have almost eliminated the residual stresses, the machining, most probably the grinding, induced non-negligible residual stresses. Indeed, the cutting process moved the rotor's flat surface from a conical form error of a few microns to an asymmetrical form error larger than two tens of microns, as pictured in Fig. 8 . However, the external cylinder form error was increased by a couple of microns only, which is encouraging for who may work with a requirement on the cylindricity only.
As a result, the rotor's surfaces were out of the acceptable limits of 5 μm and therefore could not be used for the SESHAT. The notch cutting of the rotor version 2 may be performed as the completion step of the SESHAT when all the other elements will be properly assembled and operational, or the device may be kept as an additional rotary measurement system, without the opening. As turning heats less than grinding, the stress release is expected to have a smaller impact on the form errors.
Table 1
Recapitulation of the results obtained on the different versions of the rotors before and after machining and cutting. The tolerance on the cylindricity, perpendicularity, parallelism and flatness was 2. 
Discussion
High precision machining is the base for high precision mechanics, itself the base for high precision measurement systems. Taking into account the machining of the parts used for a high precision system is an important step of its design. The tolerances of 2 μm were meaningful as they are the nominal tolerances for the porous air pads adjusted to the bearing surfaces. Nevertheless, expecting the state of the art machining to reach these tolerances without problems on such a part would have been unrealistic. Furthermore, the prediction of the stresses introduced in the SLM part is not accurate enough to foresee the behaviour of such a part after notch cutting. The results obtained in this study showed that a lightweight stiff rotor could be manufactured and turned to a stage which makes it usable by a high precision air bearingdiminishing nevertheless the quality of the bearing which will require software corrections (mapping) and radial stiffness reduction by increase of the air gaps -and that the cylindricity of a part open in the Fig. 6 . Grinding of the titanium rotor version 1. The chuck (1), the rotor (2) and the grinding wheel (3) are shown, along with the coolant (4) which was applied externally or internally. radial direction was affected at the micrometric level.
Summary
The concept of the Shape Evaluating Sensor: High Accuracy and Touchless is based on a lightweight air bearing with tolerances of 2 μm on the rotor's bearing surfaces which feature a notch in the radial direction. In order to aim to their achievement, the choice was made to manufacture the rotor in Ti-6Al-4 V titanium alloy by Selective Laser Melting and turn it at best.
The oversized dimensions applied to the first SLM adapted technical drawing were not sufficient, which led to actual dimensions smaller than the nominal ones before starting the finishing process. This was taken into account for the design of the new parts: one similar to the first one which was turned, and a second one printed at 45°meant to be a spare part.
The first distorted part was used as a test part for the machining: the thin walls of the outer cylinder brought problems of heat transfer during grinding which led to the melting of the titanium alloy and the alteration of the grinding wheel properties. On the inner cylinder, these were added to the speed limitation of the grinding machine and led to a distortion of the entire part. As a result, an SLM part can be ground to cylindricity, perpendicularity and flatness better than 5 μm on the outer cylinder and faces.
Turning was the solution suiting better the inner cylinder: the results obtained by turning on the final part were 2 μm of flatness and 7 μm of cylindricity for the most challenging faces.
The opening of the test part engendered axial distortions adding 18 μm to the flatness and radial distortions adding 2 μm to the cylindricity. A part with such distortions could not be used for the SESHAT, as a result, the study of the sensor will be continued with a non-opened rotor.
A release of the constraints containing the residual stresses from grinding and turning in a part with the SESHAT rotor's shape engenders a move of the surfaces affecting the cylindricity at the micrometric level and the flatness by a couple of tens of microns.
Conclusion and future work
Machining techniques relying on heat diffusion in the material ought to be very carefully considered when applied to parts produced by Selective Laser Melting with thin walls for high precision applications and the cooling procedure needs to be optimised. To that end, tests could be performed to assess which shape would fit better the inner walls in order to optimise the cooling.
Residual stresses after machining is a topic widely covered by the literature and the conclusions stay valid for machining a part obtained by additive manufacturing: to reduce the residual stresses after machining one should perform the rough machining and heat treat the part before the completion of the work. Nevertheless, it seems that the residual stresses within the rotor affect more the flatness than the cylindricity.
